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Abstract Cell fate determination is a basic developmental
process during the growth of multicellular organisms.
Trichomes and root hairs of Arabidopsis are both readily
accessible structures originating from the epidermal cells of
the aerial tissues and roots respectively, and they serve as
excellent models for understanding the molecular mecha-
nisms controlling cell fate determination and cell morphogen-
esis. The regulation of trichome and root hair formation
is a complex program that consists of the integration of
hormonal signals with a large number of transcriptional
factors, including MYB and bHLH transcriptional factors.
Studies during recent years have uncovered an important role
of C2H2 type zinc ﬁnger proteins in the regulation of
epidermal cell fate determination. Here in this minireview
we brieﬂy summarize the involvement of C2H2 zinc ﬁnger
proteins in the control of trichome and root hair formation in
Arabidopsis.
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INTRODUCTION
For a single zygote to develop into an integrated multicellular
plant, it must undergo a complex array of cell divisions, cell
enlargement, and cell speciﬁcation (Zhao et al. 2012; Wang
et al. 2013). How cells develop into different types and what
determines the kind of fate a cell will adopt remain
fundamental issues of great importance. Cell differentiation
is a complex process subject to exquisite spatial and temporal
regulation, and the developmental programs together with
positional information provide the pivotal controls for this
event (Kang et al. 2013). In recent decades, Arabidopsis
trichomes and root hairs have been proved to be ideal models
for the study of themolecularmechanism of epidermis cell fate
determination and cell differentiation (Szymanski et al. 2000;
Ishida et al. 2008; Tominaga‐Wada et al. 2011; Yang and
Ye 2013).
Arabidopsis trichomes are large unicellular structures
originating from the epidermal cells of aerial organs of plants,
and they are regularly distributed on the organ surface in a
particular pattern (Szymanski et al. 2000; Ishida et al. 2008).
Trichomes provide physical protection against insects and
pathogen intrusion for plants, and they function as a natural
shield against detrimental abiotic stress such as drought and
UV radiation damage (Levin 1973; Yan et al. 2012; Yang and
Ye 2013). Whether an epidermal cell chooses to develop into a
trichome cell or a non‐trichome (pavement) cell is exquisitely
controlled (Larkin et al. 1996; Telfer et al. 1997). To date,
extensive studies have identiﬁed a large number of regulatory
genes/proteins involved in trichome initiation and morphogen-
esis. A core combinatorial regulatory complex is formed by the
GLABRA1 (GL1), GLABRA3 (GL3)/ENHANCER OF GLABRA3
(EGL3), and TRANSPRENT TESTA GLABRA1 (TTG1), which are
R2R3 MYB transcription factors, bHLH transcription factors,
and WD40 repeat protein, respectively (Oppenheimer
et al. 1991; Hülskamp et al. 1994; Walker et al. 1999; Payne
et al. 2000; Szymanski et al. 2000; Ishida et al. 2008;
Zhao et al. 2008). This regulatory complex acts upstream
of the GLABRA2 (GL2) gene to promote trichome initiation
(Ishida et al. 2008; Zhao et al. 2008). In contrast, several
negative regulators have also been identiﬁed, which act
as inhibitors of trichome formation in neighboring cells.
These include CAPRICE (CPC) (Wada et al. 1997), TRIPTYCHON
(TRY) (Schellmann et al. 2002), ENHANCER OF TRY AND CPC 1
(ETC1) and ETC2 (Kirik et al. 2004a, 2004b), which are all
truncated versions of MYB transcription factors. Because
they lack a putative transcriptional activation domain but
possess a GL3/EGL3‐binding domain, these negative regulators
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appear to interfere with the formation of the GL1‐GL3/
EGL3‐TTG regulatory complex (Esch et al. 2003; Wester
et al. 2009).
Root hairs are long tubular‐shaped outgrowths differenti-
ating from root epidermal cells (Gilroy and Jones 2000; Grierson
and Schiefelbein 2002). Root hairs are essential for root
anchorage in soil and effectively enhance the uptake of nutrient
and water as they markedly increase the root surface area
(Gilroy and Jones 2000; Lucas et al. 2013). In Arabidopsis, root
hairs are produced by epidermal cells located outside a cortical
cell boundary (H cells), while other epidermal cells are deﬁned
as non‐hair cells (N cells) (Schiefelbein et al. 2009; Löfke
et al. 2013). Like trichome development, root hairs are speciﬁed
using similar regulatory proteins. The TTG1, GL2, GL3, EGL3,
WEREWOLF (WER) (Lee and Schiefelbein 1999), and MYB23
(Kang et al. 2009) act as positive regulators in the N cells to
promote the non‐hair cell fate speciﬁcation (Ishida et al. 2008),
while CPC, TRY, and ETC1 are produced in N cells but move to
neighboring H cells where they compete with WER for binding
to the GL3/EGL3‐TTG1 complex and thereby maintain the H cell
fate (Ishida et al. 2008; Bruex et al. 2012; Kang et al. 2013).
Collectively, MYB transcription factors and bHLH transcription
factors play the central role in controlling trichome and root
hair cell fate determination. In addition to the MYB and bHLH
transcription factors, C2H2 type zinc ﬁnger proteins have been
found to participate in epidermal cell type speciﬁcation in
recent years (Gan et al. 2006, 2007a; Zhou et al. 2011, 2013; An
et al. 2012b). Here we brieﬂy summarize the involvement of the
novel C2H2 zinc ﬁnger proteins in the regulation of trichome
and root hair formation in Arabidopsis.
C2H2 ZINC FINGER PROTEIN IN PLANTS
Zinc ﬁnger proteins are a large class of proteins that are widely
distributed in eukaryotes (Laity et al. 2001). They are among
themost abundant proteins in eukaryotic organisms, indicative
of the involvement of zinc ﬁnger proteins in a wide range of
cellular functions, including DNA recognition, RNA binding,
transcriptional regulation, and protein‐protein interactions
(Laity et al. 2001; Ciftci‐Yilmaz and Mittler 2008). Zinc ﬁnger
proteins contain sequence motifs in which the cysteines and
histidines residues center on a zinc ion to form a compact
ﬁnger structure, which constitutes the basis for protein
functions (Miller et al. 1985; Takatsuji 1998). According to
the number and order of the Cys and His residues that bind the
zinc ion, zinc ﬁnger proteins are divided into several different
types including C2H2, C2C2, C2HC, C2C2C2C2, and C2HCC2C2
(Ciftci‐Yilmaz and Mittler 2008). Among these distinct types of
zinc ﬁnger proteins, the C2H2‐type zinc ﬁnger proteins are one
of the largest transcriptional factor families in plants, with 176
members in Arabidopsis identiﬁed through in silico analysis
(Englbrecht et al. 2004; Ciftci‐Yilmaz andMittler 2008). To date,
C2H2 zinc ﬁnger proteins have been found to participate in
extraordinarily diverse signal transduction pathways and
developmental processes, including ﬂower development
(Bowman et al. 1992; Sakai et al. 1995; Yun et al. 2002; Xiao
et al. 2009), seed and seeding development (Luo et al. 1999;
Prigge and Wagner 2001), trichome and root hair formation
(Gan et al. 2006, 2007a; Zhou et al. 2011, 2013; An et al. 2012b),
pathogen defense (McGrath et al. 2005; Kazan 2006; Wang
et al. 2009), and stress responses (Kazan 2006; Sun et al. 2010;
Tian et al. 2010; Kiełbowicz‐Matuk 2012; Zhang et al. 2012).
C2H2 ZINC FINGER PROTEINS ARE
INVOLVED IN TRICHOME AND ROOT HAIR
FORMATION AND DEVELOPMENT
Although MYB and bHLH transcriptional factors constitute the
core regulatory complex in the control of epidermal cell
speciﬁcation, other regulators like C2H2 zinc ﬁnger proteins
also play important roles in this program. The ﬁrst‐reported
C2H2 zinc ﬁnger transcription factor that is involved in
epidermal differentiation is GLABROUS INFLORESCENCE
STEMS (GIS), which also participates in the regulation of
shoot maturation in Arabidopsis (Gan et al. 2006). The lack of
GIS function in gis mutants results in a striking decrease in
trichome number on successive leaves, stem internodes, and
branches, while overexpression of GIS causes the opposite
outcome. GIS is strongly expressed in the stem epidermis and
in ﬂoral meristems. Molecular and genetic analysis show
that GIS acts upstream of the trichome initiation complex
(GL1‐GL3‐TTG1) to promote inﬂorescence trichome initiation in
a GA‐responsive pathway that is negatively regulated by the
GA signaling repressor SPINDLY (SPY) and DELLA repressor
GAI (Gan et al. 2006). GIS is also found to function as a
repressor in controlling trichome branching by acting down-
stream of the key regulators of trichome branching STICHEL
(STI) and SIAMESE (SIM), and the performance of GIS in this
scenario is manipulated partly in a GA‐dependent manner (An
et al. 2012a; Sun et al. 2013).
Further studies deﬁned two homologs of GIS that
participate in the determination of epidermal cell fate in
Arabidopsis via phylogenetic analyses (Figure 1), ZINC FINGER
PROTEIN 8 (ZFP8) and GLABROUS INFLORESCENCE STEMS 2
(GIS2), which encode C2H2 transcription factors functionally
equivalent to GIS (Gan et al. 2007a). A zfp8 loss‐of‐function
mutant exhibits a signiﬁcant reduction in trichome density on
upper cauline leaves and branches, while the gis2 mutant
shows a very strong decrease in trichome production on
ﬂowers. Quantitative RT‐PCR analysis showed that expression
of ZFP8 and GIS2 are both GA‐inducible; moreover, expression
of GIS2 is also cytokinin‐inducible. Both GA and cytokinins are
able to promote trichome formation in Arabidopsis (Perazza
et al. 1998; Greenboim‐Wainberg et al. 2005; An et al. 2011).
Accordingly, ZFP8 and GIS2 were found to be required for
GA‐mediated regulation of trichome initiation throughout
inﬂorescence development, like their homologs GIS, and their
gene expression is repressed by the DELLA repressors GAI,
RGA, RGL1 and RGL2 (Gan et al. 2007b). In contrast to GIS, ZFP8
and GIS2 are both involved in the cytokinins‐mediated
induction of trichome initiation on inﬂorescence organs;
furthermore, GIS2 plays a predominant role in the cytokinin
response by acting downstream of SPINDLY to activate GL1
transcription (Gan et al. 2007b).
Recently, a new C2H2 transcriptional factor, ZINC FINGER
PROTEIN 5 (ZFP5), was discovered as a positive regulator of
trichome initiation through GA signaling pathway in Arabidop-
sis (Zhou et al. 2011). ZFP5 loss‐of‐function mutations lead to a
signiﬁcant decrease in trichome number on sepals, cauline
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leaves, paraclades, and main inﬂorescence stems, while
overexpression of ZFP5 results in high density of trichomes
on the second lateral branch and inﬂorescence organs (Zhou
et al. 2011). Moreover, ZFP5 overexpression causes the
formation of ectopic trichomes on carpels, petals, and other
inﬂorescence organs (Zhou et al. 2011). Molecular analyses
demonstrated that ZFP5 acts upstream of GIS, GIS2, ZFP8, and
the keymembers of trichome initiation complex GL1 and GL3 to
promote trichome initiation. Further chromatin immunopre-
cipitation (ChIP) analysis conﬁrmed that ZFP8 is the direct
target of ZFP5. More detailed data indicated that ZFP5 is
functionally equivalent to GIS and GIS2 in controlling trichome
initiation (Zhou et al. 2012). These results are consistent with
previous phylogenetic analysis that showed GIS is most highly
related to the ZFP group of transcription factors, of which ZFP5
and ZFP8 are themost similar to GIS (Figure 1) (Gan et al. 2006).
ZFP5 is highly expressed in roots, developing stems,
branches, and young leaves (Zhou et al. 2011), so it was
reasonable to consider that ZFP5 may also function in root
epidermal cell differentiation. Indeed, further experiments
conﬁrmed that ZFP5 is a key regulator of root hair initiation and
morphogenesis in Arabidopsis (An et al. 2012b). The zfp5
mutants and ZFP5RNAi lines have fewer andmuch shorter root
hairs, and in situ RNA hybridization assays showed that ZFP5
was mainly expressed in the H cells of the root epidermis.
Molecular and genetic analyses revealed that ZFP5 is likely to
act upstream of the CPC‐TRY‐ETC1 complex to promote the
activity of the complex via directly binding to the CPC
promoter. Moreover, ZFP5 expression is cytokinin‐inducible,
and ZFP5 is required for cytokinin and ethylene signals to
control root hair development (An et al. 2012b). Collectively,
ZFP5 integrates various plant hormone signaling to control
trichome and root hair formation and development in
Arabidopsis (Zhou et al. 2011; An et al. 2012b).
Most recently, ZINC FINGER PROTEIN 6 (ZFP6) has been
found to be another C2H2 transcriptional factor involved in the
regulation of trichome initiation (Zhou et al. 2013). Amino acid
sequence analysis revealed that ZFP6, a member of the GIS
subfamily, is most similar to ZFP5 among the ZFP group of
transcription factors (Gan et al. 2006). With similar expression
pattern to ZFP5, ZFP6 is highly expressed in roots, mature stem
and lateral branches. The zfp6mutant shows a reduced number
of trichomes in sepals of ﬂowers, cauline leaves, lateral
branches, and the main inﬂorescence stems (Zhou et al. 2013).
In contrast, ZFP6 overexpression increases trichome numbers
in second cauline leaves, second lateral branches and the main
inﬂorescence stem, and it causes ectopic trichome formation
on carpels and petals (Zhou et al. 2013). ZFP6 also modulates
the regulation of trichome cell differentiation during inﬂores-
cence development by GA and cytokinin signaling, similar to
ZFP5.Molecular studies demonstrated that ZFP6 acts upstream
of the ZFP5 and GIS in the trichome regulatory network.
Collectively, the results obtained so far lead us to a
regulatory network model that proposes C2H2 zinc ﬁnger
proteins play partially redundant and distinct roles in the
Figure 1. Phylogenetic tree of C2H2 zinc ﬁnger proteins
whose amimo sequences are similar to GLABROUS INFLO-
RESCENCE STEMS (GIS)
The tree was generated using the neighbor‐joining method
(Saitou and Nei 1987) in MEGA 5 (Tamura et al. 2011). The
number of bootstrap replications was set at 1,000. Bootstrap
values are provided near the nodes.
Figure 2. Proposed model of the action of C2H2 zinc ﬁnger
proteins in the regulation of trichome and root hair formation
in Arabidopsis
Arrows indicate positive regulation and T‐bars indicate
negative regulation. Dotted arrows indicate relationships
that have not been fully characterized.
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control of trichome and root hair cell differentiation (Figure 2).
Among all ﬁve identiﬁed C2H2 zinc ﬁnger transcriptional
factors, it is clear that GIS, ZFP5, and ZFP6 promote trichome
initiation by functioning as transcriptional activators located
upstream of trichome initiation complex (GL1‐GL3‐TTG1). In
addition, GIS2 and ZFP8work synergistically with GIS to control
trichome initiation in inﬂorescence in Arabidopsis, whereas
their downstream regulatory network remains obscure (Gan
et al. 2007a). Abundant evidence also provides new insight into
our understanding of how C2H2 zinc ﬁnger proteins integrate
various hormonal and developmental cues to control epider-
mis cell fate determination in Arabidopsis.
CONCLUSIONS AND FUTURE
PERSPECTIVES
Although C2H2 zinc ﬁnger proteins constitute one of the most
abundant families of transcriptional regulators in plants, the
discovery of a role for C2H2 zinc ﬁnger proteins in control of
epidermal cell fate determination has only emerged in the last
decade. GIS, GIS2, and ZFP8 function equivalently and appear
to be functionally interchangeable in the control of trichome
initiation, although they diverge in their responses to
hormonal and developmental signals. ZFP6 mediates the
regulation of trichome initiation by integrating GA and
cytokinin signaling in a similar way with ZFP5, but these
function separately as no additive effect was found in zfp5zfp6
double mutants. These observations lead us to conclude that
functional specialization of phylogenetically related transcrip-
tion factor genes is important in coordinating the integration
of various hormonal and developmental cues to regulate
similar developmental programs at different stages and
different tissues.
Future studies will likely focus on the precise mechanisms
through which developmental and hormonal signals are
integrated to control epidermal cell fate determination in
plants, as how phytohormone signaling pathways coordinate
various transcriptional regulators in this process still remain
largely obscure. Meanwhile, although some C2H2 zinc ﬁnger
proteins play important roles in epidermal cell fate determina-
tion, there are still many C2H2 zinc ﬁnger proteins whose
biological functions are unknown.With the rapid emergence of
new experimental technologies, such as ChIP‐seq and systems
biology approaches, our knowledge of the C2H2 zinc ﬁnger
protein family and other transcriptional factor families will be
enriched. The integration of these regulators with develop-
mental and hormonal cues will ultimately lead to a complete
picture of how phytohormone signals coordinate diverse
transcriptional factors to control epidermal cell fate determi-
nation in plants.
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